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MULTIPLE SCATTERING Or LASER LIGHT IN THE ATMOSPHERE I
rinal Report

Gilbert N. Plass
George W. Kattawar
Charles N. Adams

Abstract

A Monte Carlo Method is used to calculate the path of photons

in a real atmosphere that were emitted by a laser source. The

photons are emitted unifcrmlv within a cone by the sourc,.. They

undergo collisions with the molecules and aerosols in the atmosphere.

At each collision either molecular (Rayleigh) scattering or absorption

or aerosol (Mie) scattering or absorption may occur. The Mie single

Scattering function is calculated from the Mie theory for a size

distribution of spherical particles. The atmosphere is divided

into a number of layers, each of which may have different properties.

Reflection from both a target area and the background at the earth's

surface is calculated for various target and background albedos

assuming a Lambert surface. The radiance at a number of detectors

at arbitrary locations within the atmosphere is calculated. 7fi,
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INTRODUCTI ON

Problems which involve the multiple scattering of photons

in the earth's atmosphere are so complex that it has been possible

to treat these problems in the past only by making numerous unrealistic

simplifying assumptions. However, with the present generation of

electronic computers and the use of sophisticated statistical techniques,

it is possible to obtain realistic solutions to these problems using

models which simulate accurately the many varied features of the real

atmosphere.

In previous papers which have been supported by the Air Force

Cambridge Research Laboratories the authors have described their Monte

Carlo method1 and applied it to studying the variation of the reflected

and transmitted light from clouds as a function of the thickness of

the clouds 2 . The influence of absorption on the radiation field

was studied by this method 3 as was the influence of various particle

size distributions for the water droplets4. A realistic model of

the earth's atmosphere was used to calculate the radiation field at

a number of differcnt wavelengths from the ultraviolet to the infrared 5.

Finally we have extended our Monte Carlo code to include the four by

four scattering matrix and the fc-ur component Stoke's vector so that

polarization effects may also be calculated 6 . In all of these

problems all quantities are assumed constant on a horizontal plane.

When a beam of narrow angular dimensions such as a laser is the

source of the radiation, the radiation field is now a function of t
all three of the spatial coorainates. Our earlier Monte Carlo code

was changed to include this case. All of the possible interactions
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of the photons with the molecules and aerosols of the atmosphere

and with the earth's surface are included in the calculation. A

give, photon is followed until it no longer makes a contribution a
to any &ttector.

METHOD

The light from the laser source is emitted into a cone with half-

angle l/2uS. In our program the photons are emitted at all angles

within the cone in such a manner that the intensity is uniform

throughout any cross sectional area perpendicular to the axis of the

cone. The light from the source strikes the earth's surface forming

in general an elliptical spot of light. The ellipse, of course,

degenerates into a circle when the beam is pointed straight down.

Similarly the receiver counts photons which are within its

cone of acceptance with half-angle 1/21p. P. receiver views an

elliptical spot on the ground. The receiver may be at any location in

the atmosphere and not necessarily at the location of the nource.

Regardless of its location an option in the program may be used

which automatical- points the axis of the acceptance cone oi the

receiver so as to coincide at the ground level with the axis of the

cone of the emitted light from the source. It should be noted that when

the receiver and source are separated that the ellipse seen by

the receiver on the ground can not coincide at all places with the

illuminated ellipse on the ground. The beamwidth of both the source

and receiver as well as the angle at which the source and receiver arc

pointed are input parameters in the program.



The photon path is followed accurately in three dimensions

after emission. Monte Carlo procedures are used whenever a choice

must be made in the events which may happen to the photon. After

emission the point of first collision of the photon is chosen as

appropriate for the optical depth along the path. The optical depth

is the total cross section for all events which may happen to the

photon integrated with respect to the distance parameter.

Either the photon makes its first collision in the atmosphere

or at the earth's surface. In the latter case the photon is reemitted

according to Lambert's law according to which the intensity of the

light reflected from a surface is the same in all directions. If

the first collision of the photon is in the atmosphere, the program

first calculates whether or not the collision point is within the

acceptance cone of the receiver. If it is outside the cone, there is

no contribution to the receiver. If it is within the cone, the intensity

contribution at the receiver is calculated taking into account the

appropriate single scattering furction and the distance from the point

of collision to the receiver. Next a scattering angle for the photon

is chosen from the cummulative distribution function for the appropriate

type of scattering event. The new three-dimensional path of the

photon is determined. The next collision point is determined and

the proccss described above is repeated.

When the photon is traveling in an upward direction, the method

of forced collisions is used, so that the photon is never actuallyIi



lost by passing through the top boundary of the atmosphere. A

weight is associated with cach photon. This weight, which is initially

unity, is adjusted whienever a forced collision is made so that the

probabilities arc correct. Region importance numbers are also used.

If a photon enters a region far from the source and receiver, the

trajectories of a predetermined fraction of the photons are terminated,

while the remaindcr continue with di appropriate adjustment of their

weight. All photons are tracked until their weight falls below a

predetermined number, usually taken as lU - . Thus the photons may

make many collisions within the atmosphere and also many collisions with

the earth's surface before the trajectory is terminated. This method

assures that all higher order collisions which may contribute to the

intensity are included in the calculation.

A realistic model of the earth's atmosphere is used in these
I

calculations 5. The atmosphere is divided into a number of layers with
I

different properties for each layer. Both molecular (Rayleigh)

scattering and absorption are taken into account as well as aerosol

(Mie) scattering and absorption. The ratios cf these various cvcnts

are specified for each layer. The single scattering function for the

aerosols is obtained from the Mie theory by integrating over an

appropriate zize distribution. The Rayleigh scattering function

is used for molecular scattering.
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RESULTS

The single scattering function was calculated for aerosols

having a size distribution appropriate to tfe Haze C model 7 and for

the wavelength ot 1.06w. Tihe number Of aerosols at ground level

was chosen so that the ground visibility was 25 km. The index of

refraction of the aerosols was n = 1.50. The Elterman vertical

distribution 8 of aerosols was used. The atmosphere was divided into

a number of layers so that the correct amouiht of aerosol and molecular

scattering and absorption occurred in each layer.

The half angle of both the detector and receiver was chosen

as S= 'R 0.07 rad. In the results gien here, the beam was

pointed straight down or at angles of 250 and 600 to the vertical.

The detector was either coincident with the source or 30 m off axis

in the same horizontal plane. In the latter case the axis of the

acceptance cone of the receiver intersected the ground at the same

point as the axis of the incident cone of light from the laser.

The results are shown in Table I. The first column shows the

height in meters of source and detector. The second column shows

the angle made by the direction of the source with the vertical. In

all these cases the detector was centered on the intersection of

the axis of the laser beam with the ground. Runs were made for the

four combinations of target and background albedos of unity and zero.

The albedo of the background is shown in the third column. The next
!

four columns are the radiances when the detector and source are

. . . . . _



coincident; the values when the detector is 30 m off axis are given

in the last part of the table. The quantity I is the radianceo

observed by the detector from photons that have made one or more

collisions in the atmosphere, but have not yet reacheu the ground.

The quantity I is the corresponding radiance for photons which

have hit the ground exactly once, regardless of the number of collisions

which they have sutfered in the atmosphere (this assumes a ground

albedo of unity). The photons which make more than one coilision with

the ground were also tabulated by the computer and used in the

calculation oi the total radiance, but are not shown in th.s table.

The sixth and seventh columns show the radiance for a target albedo

of unity and zero respectively. The target is assumed to have the

same size and shape as the laser spot upon the ground. All quantities

are normalized so that they record the radiance received at the

detector per unit time and area per unit source intensity per unit

time.

A comparison of I and I indicates how clearly the signal from0

the target can be received in a given situation. Unless 1i - I
0

there will be difficulty distinguishing the radiation reflected

from the target from that scattered by the atmosphere. When the

detector is coincident with the source, Table I shows that I iso I
larger than or of the same order as I for altitudes of 3000 m and0

below. In these cases I is reduced by two to three orders of magnitude

by placing the detector 30 m off axis. The reasons for this are
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TABLE I. RADIANCE

Detector, on axis.I

Height Angle Abackground  I I A A 0
ak u o Atarget Atarget

600 m 00 1 3.6 E-6 8.2 E-7 4.4 E-6 3.6 E-6
0 4.2 F-6 8.1 E-7 5.1 E-6 4.2 E-6

3000 1 1.9 E-7 2.9 E-8 2.2 E-7 1.9 E-7
0 2.9 E-8 2.9 L-8 5.8 E-8 2.9 L-8

9000 1 1.7 E- O 3.3 E-9 3.5 E-9 1.7 L-10
1.3 E-10 3.3 E-9 3.5 E-9 1.3 E-10

18000 1 3.0 E-11 8.6 E-10 9.0 E-10 3.0 L-11
0 3.6 E-11 8.6 E-10 9.0 0-1C 3.6 E-11

600 250 1 8.1 E-6 6.0 E-7 8.7 E-6 8.1 E-6
0 2.0 E-6 5.8 E-7 2.6 E-6 2.0 E-6

3000 1 3.3 E-7 2.1 E-8 3. 5 E-7 3.3 L-7
0 6.3 E-7 2.0 E-8 6.5 E-7 6.3 E-7

9000 1 1.3 E-10 2.4 E-9 2.6 E-9 2.1 L-10
0 1.6 E-10 2.3 E-9 2.5 E-9 1.6 E-10

18000 1 3.2 E-11 6.3 E-10 6.6 E-10 5.0 E-l
0 2.4 0-11 6.1 E-10 6.4 E-10 2.4 E-11

600 600 i 2.9 E-6 9.5 E-8 3.0 E-6 2.9 E-6
0 1.9 E-6 8.6 E-8 2.0 L-6 1.9 E-6

3000 1 4.5 E-7 3.0 E-9 4.5 E-7 4.5 L-7
0 8.3 E-8 2.8 E-9 8.6 E-8 8.3 E-8

9000 1 1.1 E-9 3.6 E-10 1.4 E-9 L.i L-9
0 3.4 E-10 3.3 E-10 6.7 E-10 3.4 E-iO

18000 1 1.8 E-11 9.6 E-11 1.2 E-10 2.5 0-i1
0 3.6 E-11 8.8 E-11 1.2 E-1O 3.6 E-11

Detectcr off axis 30 rn.

600 00 1 6.1 E-9 8.1 E-7 8.2 0-7 6.1 E-9

0 5.0 E-9 8.1 E-7 8.1 E-7 5.0 E-9
3000 1 1.8 E-9 2.9 E-8 3.. E- 1.8 E-9

0 2.0 E-9 2.9 E-8 3.1 E-8 2.0 E-8
9000 1 1.5 E-10 3.3 E-9 3.5 E-9 1.5 L-10

0 1.3 E-10 3.3 C-9 3.4 E-9 1.3 E-10
18000 ] 3.0 E-11 8.6 E-10 9 0 E-10 3.0 E-11

0 3.6 E-11 8.6 E-10 9.0 E-10 3.6 E-11

600 250 1 6.2 E-9 6.0 U-7 6.0 E-7 1.2 L-8
0 5.6 E-9 6.0 E-7 6.0 E-7 5.6 L-9

3000 1 1.9 E-9 2.1 E-8 2.3 E-8 2.6 L-9
0 2.0 E-9 2.0 E-8 2.2 E-8 2.0 L-9

6000 1 1.2 E-10 2.4 E-9 2.5 E-9 1.9 E-10
0 1.4 E-10 2.3 E-9 2.5 E- 1.4 E-10

18000 1 2.4 E-11 6.3 0-10 6.6 E-10 4.2 E-i
0 2.4 E-11 6.1 E-10 6.4 E-10 2.4 E-11

600 600 1 1.1 L-8 9.5 E-8 1.0 E-7 1.7 E-8

0 1.2 E-8 9.1 L-8 1.0 E-7 1.2 L-8
3000 1 3 E-9 3.0 E-9 6.1 E-9 3.3 E-9

0 3.2 E-9 2.8 E-9 5.9 E-9 3.2 E-9
6000 1 6.5 E-11 3.6 E-10 4.2 E-10 9.1 E-11

0 6.8 E-11 3.3 r-10 4,0 E-10 6.8 L--II
18000 1.7 E-11 9.6 E-11 1.1 F-I) 2.4 0-i

0 3.8 E--I1 8.8 L-1 1.3 E-10 3.8 L-i
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GEOMETRY AND DESCRIPTION OF CODE

A right-hand cartesian coordinate system is used in this problem.

The laser source height in meters is read into the program under the
7!

variable name SORHIT and the position coordinates of the source are

taken to be (O,O,SORHIT), thus origin of the coordinate system is

vertically below the laser sourcc. The x-axis is taken in the

direction of the center the laser spot on the earth's surface,

if the laser is not pointed vertically downward; when the laser is

pointed straight down, the direction of the x-axis is immaterial

because of symmetry. The laser source is considered to be a beam with

a direction given by the associated direction cosines with respect to

the x-,y-, and z-axes. Eccause of the definition of the direction

of the x-axi, the direction cosine with respect to the y-axis is

always zero. Tihe only input necessary to the code fcr determining

the laser direction is the direction cosine with respect to the vertical

z-axis, as the direction cosine with respect to the x-axis is calculated

internally. The input variable for the direction cosine with

respect to the z-axis is COSSOR anG i. limited in magnitude to a

value less than or equal to 1. The value of -i for COSSOR is for the

vertically downward direction of the laser source. The beamwidth of

the laser source, S, is read into the program by assigning the value

cos ( '/2) to the variable SORWID. The physical geometry is further

ilusigurc 1.

LI
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/(o,Cj,SOPHI7)
LASER SOURCE

DETECTOR. D.D.D

TARGET REGION

AREA SEEN BY DETECTOR

Figure I. The physica. position of laser, detector, and related- variables.
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A A detector or series of detectors may be located on the same

or different platform as the laser source as desired by the user. The

number of detettor to be read intc the code is specified by the variable

NDETEK. N'.LTLEK may be no greater than 20 in the present code. The

detectors are read into the code sequentially and are associated with

some integer, say i. For the I th detector, the position coordinates

are read in with the dimensioned arrays DX, DY, and DZ, thus giving the

detector coordinates as (DX(I),DY(I),D(1)). The direction cosines

are read in under the array names DU, DV, and [3W, where DU(1) is

the direction cosine with respect to the x-axis for the I th

detector, DV(I) the direction cosine with respect to the y-axis,

and DW(I) the direction cosine with respect to the z-axis. An

option has been provided iii the code to calculate these quantities

internally if the user desires that the detector be centered upon

the target area of the spot as shown in Figure I. If the detector

io to Le centered upon the target are., the ficlus provided on the

data card are left Liank and the detector number is read into the

group of detectors to be centered. See the list of data input to

note the position of the necessary cards.

Associated with both source and detectors is the optical depth

of the atmosphere below each. The optical depth of the atmosphere

below the source is read into the code under the variable name

TAUS*R and that of the detectors as TAUDET(I), where I 1,2,3...,

NDE'TEK.

I



The region illuminated by the undeflected portion of the

incident laser beam at the earth's surface is termed the target

region and is elliptical in shape. The dimensions of this region,

i.e. the lengths of the semi-major and semi--minor axes, are calculated

internally by the code and printed out in the resulting output. The

region external to the target area is termed the background region.

Each region is treated as a Lambert's surface with an associated

ground albedo. The albedo of the target area is read irio the code

under the variable name GNDAl and the albedo of the background region

as GNDA2. The :ode is capable of performing calculations for two

values of the target albedo at the same time; the second value of

the target albedo is entered as GhDA3. The background albedo must

be the same in both cases.

The atmospheric model consists of a layered medium consisting

of NZONE number of zones. Each zone has variables Ii,TAU,RAYR,SCATR,

and ABMOL associated with it. H is the height of the top of the

layer as measured from the ground in meters. TAU is the total optical

depth from the top of the layer to the ground. RAYR is the ratio of

the total Rayleigh cross-section to the total cross-section for the

region, SCATR is the ratio of the Mie scattering cross-section to

the total Mie cross-section, and ABMOL the ratio of the Rayleigh

scattering crc-s-uection to the total Rayleigh cross-section. These

values are determined by physical measurements at the wavelengths

being used. The term Rayleigh refers to scattering and absorption by

the molecular component of the atmosphere, wnereas Mie refers t" scattering

and absorption bv the aerosol component.
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As recuired in. any efficient Monte Carlo calculations, the -

particle is weighted to remove bias that is introduced to avoid

ternination of the particle due to possible transit out of the

atmosphere. A collision is forced before the particle escapes the

upper boundary of the atmospher. 6n' the particles weight, denoted

by the variable WAIT internal to the code, is multiplied by the i

probability a collision will occur before it escapes the atmosphere.

A more efficient use is made in this manner of the calculated trajectories.

A minimum weight is read into the code which is checked against the

current value of the particle weight. The particle history is terminated

when its weight falls below this minimum weight. A region importance

number may also be used to terminate some of the trajectories when

they enter a region far from either the source or detector.

4

I<
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DATA INPUT FOR LASER SCATTERING CODE

COLUMNS VARIABLE FORMAT DEFI.ITION

CARD I

1-10 VPROB I Number of cases to be processed

CARD 2

1-ic NZONE I Number of zones in atmosphere

11-20 NUMR I Number of RADIAL regions for importance scheme

21-30 NUMZ I Number of regions in z for importance scheme

CARD 3

1-10 ALAMBD F Wavelei;gth of source radiation

CARD 4

1-10 H(1) F Height of layer top from ground

11-20 TAU(I) F Optical depth from ground to top of layer

21-30 RAYR(T) F R/

31-40 SCATR(I) F T 1
YTM

41-50 ABMCL(I) F

CARD 5

1-10 tIBI i

11-20 WCO E Particle weight cutoff

21-30 RMIN E Minimum allowed distance from detector fcr
flux contributicn. Nominal value of 1.000.

CARD 6

1-10 LIB2 I =2

11-20 GNDAI F Ground albedo for target (first case)

21-30 GNDA2 F Background albedo

31-40 GNDA3 F Target albedo (second case)
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DATA INPUT (CONT.)

COLUMNS VARIABLE FORMAT DEFINITION

CARD 7

1-10 NRD(I) Region number in r I=i,... ,NUNR

1-20 R:Z(T) F Outer radius ci zone

21-30 EMPR(I) F Region importance number

CARD 8

1-10 NZD( I I Region number IJ,... ,NUMZ

i-20 ZGZ(i) F Region height frori ground

21-30 E£FZ(i) F Region importance number

CARD 9

1-10 NN.AT I Number of Mie distributions to be rtad in.

CARD 10

1-BC(1O) M.AT(I) I Number of mu values for scattering indicatrix.

CARE 11

1-80(10) HAT(1) I Phase matrix to be used in zone T, where
1, 9.. NMAT

GROUP 1 (The fellowi>, group to. be repeatej NIMAT times.)

CARD A

i-i0I indicatrix number

11-20 NMIL1(MO) I Number c; values in first regicn of
cumulative probabilit ies .

2i-30 NIIE2(f.1,) I Number cf values in second region or
cumulative probabilities.

31-40 D1';iE2(MO) E Delta values for first region.

41-SO CHIE(O) L Cumulative probability for region i.

CARD B

1-72(12) PHANG(MO,J),.J1!,NMIEItNMIE2 Cosines fur cumulative distributions.

END OF GROUP 1

,EI
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DATA INPU (CONT.)

COLUMNS VARIABLE FURMAT DEFINITION

GROUP 2 (To bc repeated NPROB time i)

CARD A

1-10 L1B3 I =3 For "urcose of checking input

11-20 COSSOR F Direction cosine of source with respect

to the z-axis.

21-30 SORWID F :COS ( 5/2), where S is beanwidth of source.

31-40 SORHIT F Height of source from ground in meters. AA

41-50 TAUSOF F The optical depth if the atmosphere below the
source.

CARD L

1-10 LIB3'4 I =4

11-20 NHIST I The number of histories to be processed.

21-30 NDEFEK I The nulnber cf detectors.

31-40 IXSTR I Starting integer for random number generator.

This integer must be odd.

CARD C I:l,... ,NDETEK

1-I0 DX(I) F X coordinate of detector

11-20 DY(I) F Y coordinate o:' detector

21-30 DZ() F Z coordinate or detector

31-140 DU(I) F Direction cosine re x-axis

4l-bO DV(1) F Direction cosine re y-axis

51-60 DW(I) F Direction cosine re z-axis

61-70 DETWiD F Detector half-width = cosine of half-angle

71-80 TAL'DET F Optical depth of atmosphere below detector

CARD D j

1-lu NZEko Number o, detectors to be centered upon target

region.

CARD E

1-80(10) 1=i.... ,NZERO Detector numbers to be centered.

S~... ..... ----
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contribution 1 i:o p, tons w!i:b have undergone only one collision i

with the grounJ ..... , and 19 is contribution1 tor photons which have

undergone at least 9 collisions with the ground or target.

The detector nuiabers and the total flux into each for the two I
different combinations of target and background albedos are listed

after the above information.

Runs performed on the IBM 60/50 show that the time elapsed for

a case using 8000 histories was approximately 3-2 seconds for the

detector and souice lcated at a height of 600 metei-. Longer times

are required for geometries where the sourc, an., detectors are

located at larger heights.

I
-- -- - ---
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